The shear webs and laminates of core panels of wind turbine blades must be designed to avoid panel buckling while minimizing blade weight. Typically, buckling resistance is evaluated by consideration of the load-deflection behavior of a blade using finite element analysis (FEA) or full-scale static loading of a blade to failure under a simulated extreme loading condition. This paper examines an alternative means for evaluating blade buckling resistance using non-destructive modal tests or FEA. In addition, panel resonances can be utilized for structural health monitoring by observing changes in the modal parameters of these panel resonances, which are only active in a portion of the blade that is susceptible to failure. Additionally, panel resonances are considered for updating of panel laminate model parameters by correlation with test data. During blade modal tests conducted at Sandia Labs, a series of panel modes with increasing complexity was observed. This paper reports on the findings of these tests, describes potential ways to utilize panel resonances for blade evaluation, health monitoring, and design, and reports recent numerical results to evaluate panel resonances for use in blade structural health assessment.
I. Introduction
A structural analysis or test demonstrating the buckling resistance of a wind turbine blade under an extreme loading condition is required by wind turbine certification standards. Typically, linear static buckling analysis is performed in the design phase and a full-scale test is performed for validation. Many times the full-scale test load is applied until the blade fails. In this work, we consider the blade structural dynamics as an indicator of buckling resistance using localized blade panel resonances. Experimental modal analysis, or modal testing, is a non-destructive method for measuring the resonant response of a structure [1] . Likewise, resonant behavior (including localized resonance) can be predicted using FEA. The potential exists to evaluate buckling resistance without the need to test a blade to failure.
Along these same lines of thought, observation of panel resonances during a modal test may be used to improve the fidelity of a blade model by calibrating panel laminate models. An improved model would also provide a means to more accurately evaluate the blade design drivers, such as buckling resistance, using analysis. Furthermore, because blades often fail in the panels near maximum chord, real time observations of panel modes in operation would provide a means to evaluate structural health in key regions of the blade most susceptible to failure. Now the wind turbine blade architecture is discussed, in particular as it relates to the focus of this work. A composite shell with spar caps forms the airfoil shape of a blade and reinforcing shear webs are placed inside the blade to stiffen the blade in the flap-wise direction. The spar caps are dimensioned and the shear webs are placed so as to add stiffness to unsupported panel regions and reduce panel dimensions. To better understand this construction, note Figure 1 which shows a representative wind turbine blade cross section. At each span-wise blade station, a designer seeks to minimize the blade weight while maximizing stiffness and strength. Key decisions that impact both blade weight and buckling resistance are related to the design of the shear webs. The number of shear webs, their dimensions, and locations must be considered in the structural optimization. For example, a designer seeks to minimize the number and length of shear webs in order to reduce weight and manufacturing complexity. However, having fewer shear webs results in longer unsupported panel lengths, which may compromise buckling resistance without thickening of the panels. The segments of the airfoil between the two shear webs are called the spar caps and are composed of thick fiber/resin laminates. Buckling is not typically a concern in the spar cap. However, the panels located fore and aft of the spar caps are principally composed of much less stiff core materials (foam or balsa) to minimize weight. Central to work going forward is noting that the resonant frequencies of modes localized in the blade panels depend on geometry, material selection, and material placement in much the same way as panels designed using conventional static buckling analysis.
Figure 1. Representative Wind Turbine Blade Cross-section
With regard to a modal test, traditionally only low-order bending modes have been considered for validation of a blade structural model. As has been demonstrated, panel resonances can be predicted from FEA and compared with measurements from a modal test akin to the way the bending modes have traditionally been used. Additionally, structural damage tends to be a localized phenomenon. The use of global resonant responses, such as the bending or torsional modes, may not be a reliable indicator of damage. The use of blade panel modes is envisioned as an improved structural dynamics based indicator of damage as these modes are more dependent on local mechanics, and they are present in regions of the blade where damage usually occurs.
This paper presents ongoing research on the utilization of panel resonances, for blade buckling evaluation, structural health monitoring, and blade model validation, that builds upon previously published work in Reference 2. This paper reviews the work of Reference 2 and presents new results on the assessment of panel resonances for structural health assessment. The paper reviews experimental observations of panel resonances in blade modal tests. Prior work also demonstrated that high-fidelity FEA can predict panel resonances [2] . Thereafter, the prediction of panel resonances is utilized in FEA studies to quantify the sensitivity of the modal parameters to simulated damage in the core panels.
II. Experimental Observations
A program has been underway at Sandia Labs for several years to evaluate innovative structural mechanics concepts for wind turbine blades. The most recent set of "9-meter" research-sized blades have been evaluated with static, fatigue, and modal tests. Modal test results for the BSDS (Blade System Design Study) blade are the focus of this paper. Modal tests of the BSDS blade have been presented in prior work [3, 4, 5, 6, 7, 8] . These papers focused on global bending and twisting blade modes for structural model validation and, in particular, experimental techniques for quantifying and reducing uncertainty in the modal parameters. The current work is focused on localized panel resonances. Figure 2 shows the modal test setup for the free boundary condition modal test of the BSDS blade. The free boundary condition was approximated using soft bungee cords supporting the blade at two span-wise locations.
A. BSDS Free Boundary Condition Modal Test

Figure 2. BSDS Free Boundary Condition Modal Test
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